ABSTRACT: In the context of constructing nonclassical mechanically interlocked dendrimers by employing a convergent templation procedure, the "clipping" thermodynamic approach has been explored to introduce sterically bulky Fréchet-type dendrons with successive generations [G0] to [G3] onto a trivalent ammonium ion core using a seven-component self-assembly via imine bond formation. Four generations of mechanically interlocked dendrimers up to a molecular weight over 8800 Da were synthesized in a one-pot reaction by simply mixing the seven components together. The dendrimers form in excellent yield (>90%). The mechanically interlocked core of the [G0]-[G2] dendrimers can be modified and transformed into kinetically stable dendrimers by reduction of the imine bonds with borane-tetrahydrofuran complex. Moreover, the dynamic nature of the thermodynamically controlled self-assembly process is employed to obtain three dynamic combinatorial libraries of dendrimers by the treatment of the dendrons [G0]-[G3] with the complementary components in one pot. The inherent modularity of the overall process should allow for the rapid and straightforward access to many other analogues of mechanically interlocked systems for which either the branched core or the dendritic periphery can be modified to suit the needs of any potential application of these molecules.
Introduction
Recently, the advent 1 of dynamic covalent chemistry (DCC) has granted to the synthetic chemists a means of constructing, with relatively high efficiencies, complex, mechanically interlocked compounds, such as catenanes, 2 rotaxanes, 3 molecular bundles, 4 and even nanoscale Borromean rings, 5 as a result of multicomponent, thermodynamically controlled self-assembly processes. The advantage of a thermodynamic process over a kinetic one is that it operates under reversible or quasi-reversible conditions in such a manner that undesired or competitive products can be recycled until the most energetically favored molecular structure(s) is (are) formed.
Up until recently, the approaches we were employing 6, 7 in attempts to construct mechanically interlocked dendrimers 8, 9 involved either (1) template-directed 10 threading-followed-bystoppering and then, thereafter stopper exchange 11 or (2) slippage. 12 Both these methods were found to be severely lacking in the efficiencies required to render them in any way practical. Recently, however, we discovered 13 the power of dynamic templating procedures for the all-but-quantitative construction (Figure 1 ) of mechanically interlocked dendrimers from generation zero [G0] to generation two [G2] in one pot using imine bond-forming reactions activated by -CH 2 NH 2 + -CH 2 -centers. Furthermore, successful postsynthetic modifications of the dynamic mechanically interlocked dendrimers to fix the imine bonds by reduction were also shown to proceed more or less quantitatively. The rapid and high-yielding formation of mechanically interlocked dendrimers, in which the components can be mixed and matched according to need, offers considerable potential for the preparation of dendrimers with potential applications. 14 In this article, the one-pot, highly efficient template-directed self-assembly of the [G0]-[G3] dynamic dendrimers with mechanically interlocked components, as well as the formation of dynamic combinatorial libraries 15 by mixing the preformed dynamic dendrimers together, will be presented.
Results and Discussion
Synthesis by Templation and Self-Assembly. We have demonstrated (Scheme 1) the feasibility of constructing the [G0]-[G2] dynamic dendrimers 4a-c-H 3 ‚3PF 6 very efficiently by seven-component self-assembly processes in one-pot procedures which rely upon mixing 3 equiv of the dendritic dialdehydes 1a-c and 3 equiv of the diamine 2 with 1 equiv of the trisammonium ion core 3-H 3 ‚3PF 6 (total concentration ) 35 mM) acting as a triple template. 13 The driving force for this outcome is partly entropic since it represents the generation of the maximum number of discrete molecules commensurate with the operation of the principle of maximal site occupancy, 16 i.e., the enthalpic component that gives the reaction an opportunity to seek out its thermodynamically most stable state. The molecular recognition associated with triple templation comes from the excellent match 17, 18 When either CD 3 NO 2 or CD 3 CN was used as solvent, the self-assembly and templation processes proceed well in the concentration range between 35 and 140 mM. By way of an example, Figure 2 shows the partial 1 H NMR spectra (500 MHz, 298 K) of the [G2]-dynamic dendrimer 4c-H 3 ‚3PF 6 obtained 20 min after the mixing of the appropriate components. For the formation of 4c-H 3 ‚3PF 6 conducted in CD 3 NO 2 , it takes less than 15 min (total concentration ) 35 mM) for the reaction to come to equilibrium, while in CD 3 CN, it takes just over 20 min (total concentration ) 35 mM), as indicated by the simplification of the resonances at δ 8.0-8.2 ppm (Figure 2b) for the imine protons. The reason for this difference in the rates and extents of reaction in CD 3 NO 2 and CD 3 CN is believed to lie in the difference in polarities and in the fact that the H 2 O molecules, produced during the reaction of an aldehyde group with an amine function, are expelled immediately from the dendritic core in CD 3 NO 2 solution, wherein H 2 O is partially immiscible, whereas they are miscible in the CD 3 CN solution. Clearly, the thermodynamic process does work more efficiently in dendritic core in CD 3 NO 2 and so this solvent is the better one to use for this kind of condensation. Even although the molecular weight of the resulting [G3]-dynamic dendrimer 4d-H 3 ‚3PF 6 exceeds 8800 Da, we can still witness the successful preparation of this dendrimer employing the one pot, self-assembly procedure in CD 3 NO 2 /CDCl 3 (2:1, 35 mM).
Characterization. High resolution electrospray ionization mass spectrometry (HR-ESI-MS) proved to be a particularly useful technique for the characterization ( (Figure 3 ) a high-intensity signal at m/z ) 2798.4908, corresponding to the ion mass of [4c-H 3 ] 3+ si.e., the loss of all three PF 6 -counterions from the tricationic salt. Although the synthetic protocol described in this paper represents a straightforward way of assembling mechanically interlocked dendrimers from easily accessible starting materials, the dendrimers are dynamic and highly susceptible to break down because of the propensity to hydrolytic cleavage of their numerous imine bonds. Hence, it is imperative that we have a means of removing entirely this dynamic character by being able to reduce all six imine bonds in an efficient manner. Fortunately, we discovered recently 3f,13 that BH 3 ‚THF is an effective reducing agent for these particular imine bonds and so we experimented with it to discover that it is an excellent reducing agent for the dynamic dendrimers in question, giving high yields of the expected products without jeopardizing the integrities of the dendrimers (Scheme 3). Thus, when the fixing of the [G0]-[G2] dynamic dendrimers 4a-c-H 3 ‚3PF 6 was carried out using BH 3 ‚THF (two equiv per imine bond), followed by the treatment with NaOH/H 2 O (2 M), complete reduction of all the imine bonds to their corresponding amino dendrimers 9a-c after only 6 h without any need for further purification by chromatography. The remarkable efficiency of this fixing procedure was confirmed by both 1 H NMR spectroscopy and ESI-MS on the crude products from the reductions. We discovered, however, that the efficiency of this fixing procedure has its limitations. In the case of the dynamic [G3]-dendrimer 4d-H 3 ‚3PF 6 , the matrix-assisted laser desorption/ionization-time-of-flight-mass spectrometry (MALDI-TOF-MS) revealed ( Figure 4 ) that the attempted reduction did not proceed to completion to give the fully reduced neutral dendrimer 9d: instead, the reaction produced a mixture of compounds, including 9d plus degraded neutral dendrimers with only two and one dendrons linked noncovalently to the trivalent core in 3, 32, and 100% relative intensities, respectively, from the MS spectrum. The reason for this dramatic drop in the efficiency of the fixing procedure to obtain neutral [G3] dendrimer 9d is presumably associated with the increased steric hindrance imposed by the larger [G3] dendrons on the trivalent core, diminishing the accessibility of the imine bonds to the reducing agent so that a lot of them remain intact. As a consequence, work-up with the excess of aqueous 2 M NaOH solution results in the hydrolysis of the remaining imine bonds, leading to the detachment of a number of the dendrons. Formation of Dynamic Combinatorial Libraries. On account of the reversibility of the imine bond formation, we have examined the consequences of mixing dynamic dendrimers of different generations in one pot to obtain three dynamic combinatorial libraries of mechanically interlocked dendrimer via competitive self-assembly. To begin with, after mixing the equimolar amount of the preformed dynamic [G0] and [G2] dendrimers 4a-H 3 ‚3PF 6 and 4c-H 3 ‚3PF 6 (MeCN, 298 K, total concentration ) 70 mM) in the presence of catalytic amount of HPF 6 solution for 12 h, the constitution of the dynamic library formed was characterized by ESI-MS. 21 Somewhat to our surprise, the mass spectrum of the dynamic mixture ( Figure 6a . Moreover, under the thermodynamic, dendron-exchanging process, no other cyclic or linear oligomers/polymers were detected by ESI-MS. The dendron exchange process undoubtedly involves the water molecules in the acidic condition present in the preformed dynamic [G0] and [G2] dendrimers (4a-H 3 ‚3PF 6 and 4c-H 3 ‚3PF 6 ), responsible for the forming and breaking of the dynamic imine bonds.
The second dendritic dynamic combinatorial library was formed by mixing the diamine 2 (3 equiv), the triammonium core 3-H 3 ‚3PF 6 (1 equiv) and 3 equiv each of the [G0]-, [G1]-and [G2]-dendritic dialdehyde 1a-d in one-pot (MeNO 2 , 298 K, total concentration ) 65 mM) in order to give 10 different dynamic dendrimers. In this case, the dendritic dialdehydes are in excess relative to the diamine 2 and the triammonium core 3-H 3 ‚3PF 6 . The ESI-MS results (Figure 6b) total concentration ) 70 mM) in the presence of catalytic amount of HPF 6 solution for 2 days. The resulting solution was subjected to ESI-MS analysis (Figure 6c) G3] dynamic dendrimers) is (are) amplified in the competitive equilibrium mixture. For the second dendritic dynamic combinatorial library, the statistical effect is dominant. However, other effects instead of the statistical effect should also be accounted to explain the observed relative MS intensities in the dynamic libraries. First, the steric (backfolding) effect of the dendrons with increasing steric bulk should inhibit the formation of self-assembling dynamic dendrimers, which means that the dynamic dendrimers having higher molecular weights/dendron generations (e.g., [G3]/[G3]/[G3] dendrimer) are less stable, comparatively, in the competitive mixture. The second effect is the hydrophobicity (or polarity) in the dendritic environment. For dynamic dendrimers having lower dendron generations, the permeability of water molecules from the periphery to the core to hydrolyze the imine bonds, is enhanced because of their low hydrophobicity (or high polarity). The stabilities of low molecular weight/generation dynamic dendrimers ( for the second dynamic library, the [G0]/[G1]/[G2] dynamic dendrimer was amplified (Figure 6b) has the highest MS intensity). Therefore, in this case, the hydrophobic effect (or polarity) plays a more important role than the steric effect to govern the relative stabilities of dynamic dendrimers in the competitive mixture. Additionally, this conclusion can also be supported by the unexpected drop in relative MS intensities of the dynamic dendrimers bearing [G0]-dendron(s) in all three dynamic libraries.
Generally, this protocol offers the mix and match of dendrons with different generations to a central tritopic ammonium core to afford new types of dendrimers, which cannot be obtained at all by conventional synthetic methods, or if they can, the task will be too demanding on time and resources. For a small dendritic dynamic library, eventually, the dynamic dendrimers with vastly different in molecular weights formed in the library can be reduced to their corresponding kinetically stable dendrimers by borane reductions and can be further separated and isolated by preparative gel permeation chromatographic methods.
Conclusion
The utility of dynamic covalent chemistry in the thermodynamically controlled, modular synthesis of a series of mechanically interlocked dendrimers from generation zero to three has been assessed. Starting with the simple mixing of precursor components, this approach has been demonstrated to be an effective, high yielding self-assembly process. The sevencomponent self-assembly proceeds well in nitromethane and acetonitrile. Postsynthetic fixing (by imine reduction) can also be achieved for all generation zero to generation two dynamic dendrimers, affording the corresponding kinetically stable interlocked dendrimers in high yields without any further purification steps. However, on account of the steric hindrance associated with the [G3] dendron, the attempted reduction of the [G3]-dynamic dendrimer yields a mixture of degraded dendrimers. Moreover, dynamic combinatorial libraries of mechanically interlocked dendrimers can be created by mixing appropriate amounts of the preformed dynamic dendrimers or their components. The mixed-dendron dynamic dendrimers present in the libraries would not be easy to obtain by conventional synthesis. In principle, dendrons bearing different functional moieties, different generations can be mixed, matched, and self-assembled into novel functional dendritic compounds by an approach that is both rapid and efficient.
Experimental Section
General Methods. Lithium aluminum hydride (95%), tetrabromomethane (99%), triphenylphosphine (99%), cesium carbonate (99.95%), sodium borohydride (99%), hydrogen hexafluorophosphate (60 wt % in water), N,N-dimethylformamide (DMF, anhydrous, 99.8%), methanol (anhydrous, 99.8%), tetrahydrofuran (THF, anhydrous 99.9%), nitromethane (g95%), acetonitrile (anhydrous, 99.8%), and borane-THF complex solution (1.8 M in THF) were purchased from Aldrich and used without further purification. Deuterated nitromethane (99% D) and acetonitrile (99.8% D) were purchased from Cambridge Isotope Laboratory and dried with molecular sieves (4 Å) prior to use. All reactions were carried out under an argon atmosphere. Thin-layer chromatography was performed on silica gel sheet 60F 254 (Merck). Column chromatography was performed on silica gel 60F (Merck 9385, 0.040-0.063 mm). All NMR spectra were recorded on a Bruker Advance 500 ( 1 H at 500 MHz and 13 C at 126 MHz) spectrometer and CDCl 3 was used as the solvent unless otherwise stated. Chemical shifts are reported in parts per million (ppm) downfield from the signal for Me 4 Si used as the internal standard. ESI mass spectra were recorded either on an IonSpec Fourier transform mass spectrometer or a VG ProSpec triple focusing mass spectrometer with MeCN as the mobile phase. High-resolution MALDI mass spectra were recorded on an IonSpec Fourier transform mass spectrometer with R-cyano-4-hydroxycinnamic acid as the calibration matrix. The reported molecular mass (m/z) values are for the most abundant monoisotopic masses.
[G3]-Dendritic Bromide 6d. LiAlH 4 (0.12 g, 3.1 mmol) was added portionwise to the solution of [G3]-CO 2 Me 19 (4.3 g, 2.1 mmol) in THF (20 mL) at 0°C. The slurry was stirred for 2 h at 25°C, and subsequently quenched by dropwise addition of H 2 O (1 mL) at 0°C and then with 1 M HCl (30 mL). The resulting mixture was extracted with EtOAc (2 × 20 mL). The combined extracts were washed with brine, dried (MgSO 4 ) and filtered. The collected filtrate was evaporated to dryness under reduced pressure. The residue was then redissolved in THF (15 mL), followed by the successive addition of CBr 4 (1.0 g, 3.2 mmol) and PPh 3 (1.1 g, 4.2 mmol) at 25°C. After stirring for 2 h, anhydrous Et 2 O (10 mL) was added to the mixture. Then, the mixture was filtered through a short pad of Celite. The collected filtrate was concentrated under reduced pressure, and the residue was purified by column chromatography (silica gel, eluent: hexanes gradient to hexane/ EtOAc ) 5:1) to afford the bromide 6d 3, 33.7, 34.6, 69.9, 70.0, 101.5, 102.2, 106.2, 108.1, 125.5, 127.5, 133.6, 138.9, 139.7, 151.06, 159.9, 161.2 3, 34.7, 53.3, 70.8, 114.8, 125.8, 127.7, 131.6, 149.8, 152.0, 165.2, 166.8 [G1]-Dendritic Diester 7b. Starting from compound 5 (1.0 g, 4.7 mmol), [G1]-Br 6b (2.8 g, 5.7 mmol) , and Cs 2 CO 3 (2.1 g, 6.6 mmol) in DMF (25 mL), the diester 7b (2.0 g, 68% yield) was obtained as a white solid. 3, 34.6, 53.2, 70.1, 70.6, 102.0, 106.4, 114.8, 125.6, 127.5, 133.5, 136.8, 149.8, 151.2, 160.4, 165.1, 2, 34.5, 53.2, 69.9, 70.0, 70.5, 101.4, 102.0, 106.2, 106.4, 114.7, 125.4, 127.5, 133.6, 136.8, 149.8, 151.0, 160.18, 160.21, 165.0, 166.5 34.5, 53.2, 69.9, 70.0, 101.4, 101.5, 101.9, 106.2, 106.3, 106.5, 114.7, 125.4, 127.5, 133.6, 138.9, 139.0, 149.8, 151.0, 160.0, 160.2, 165.0, 166.5 2, 34.5, 64.3, 69.8, 105.9, 125.6, 127.4, 132.3, 151.5, 160.7, 166.3 13 C NMR: δ ) 31. 2, 34.5, 64.3, 69.8, 69.9, 101.5, 105.8, 106.1, 125.5, 127.5, 133.4, 137.7, 151.1, 160.3, 166 2, 34.5, 64.1, 69.9, 70.0, 101.3, 101.7, 105.8, 106.2, 125.5, 127.5, 133.5, 138.9, 151.0, 160.1, 160.2, 166.3 . MS (HR-MALDI): calcd for C 72 H 83 NO 9 Na m/z ) 1128.5966; found m/z ) 1128.5980 [(M + Na) + , 100%].
. MS (HR-ESI
[G3]-Dendritic Diol 8d. Starting from compound 7d (1.1 g, 0.49 mmol) and NaBH 4 (74 mg, 2.0 mmol) in MeOH/THF (10 mL), the diol 8d (0.8 g, 75% yield) was obtained as a colorless glassy solid. 1 H NMR (OH signal not observed): δ ) 1.32 (s, 72 H), 4.66 (s, 4 H), 4.97 (s, 28 H) , 5.01 (s, 2 H), 23 H), 7.34 (d, J ) 8.3 Hz, 16 H), 7.39 (d, J ) 8.3 Hz, 16 H) . 13 C NMR: δ ) 31. 2, 34.5, 64.2, 69.7, 69.9, 70.0, 101.3, 101.7, 105.8, 106.2, 125.4, 125.5, 127.5, 133.5, 138.9, 151.0, 160.0, 160.1, 160.2, 166. at 100°C. The reaction mixture was cooled to 25°C and then quenched with H 2 O, followed by the extraction with EtOAc twice. The organic phase extracts were combined and washed with brine, dried (MgSO 4 ), and filtered. The filtrate was evaporated under reduced pressure, and the residue was purified by column chromatography on silica gel with hexane/EtOAc (4:1) as the eluent to afford the [Gn]-dendritic dialdehydes 1a-d.
[G0]-Dendritic Dialdehyde 1a. Starting from compound 8a
